A chiral quark-model approach is adopted to study the γp → π 0 p and γn → π 0 n reactions. Good descriptions of the total and differential cross sections and single-polarization observables are obtained from the pion production threshold up to the second resonance region. It is found that (i) the n = 0 shell resonance ∆(1232)P 33 , the n = 1 shell resonances N(1535)S 11 and N(1520)D 13 , and the n = 2 shell resonance N(1720)P 13 play crucial roles in these two processes. They are responsible for the first, second and third bump structures in the cross sections, respectively. (ii) Furthermore, obvious evidences of N(1650)S 11 and ∆(1620)S 31 are also found in the reactions. They notably affect the cross sections and the polarization observables from the second resonance region to the third resonance region. (iii) The u-channel background plays a crucial role in the reactions. It has strong interferences with the s-channel resonances. (iv) The t-channel background seems to be needed in the reactions. Including the t-channel vector-meson exchange contribution, the descriptions in the energy region E γ = 600 ∼ 900 MeV are improved significantly. The helicity amplitudes of the main resonances, ∆(1232)P 33 , N(1535)S 11 , N(1520)D 13 , N(1720)P 13 , N(1650)S 11 , and ∆(1620)S 31 , are extracted and compared with the results from other groups.
I. INTRODUCTION
Understanding of the baryon spectrum and searching for the missing nucleon resonances and new exotic states are hot topics in hadronic physics [1] . Photoproduction of mesons is an ideal tool for the study of nucleon and ∆(1232) spectroscopies in experiments [2] . Neutral pion photoproduction reactions are of special interest because the neutral pions do not couple directly to photons so that nonresonant background contributions are suppressed (i.e., no contact term contribution) [3] . In the past few years, great progress has been achieved in experiments studying of the γp → π 0 p reaction at JLab, CB-ELSA, MAMI, and GRAAL. These experimental groups have carried out precise measurements of the differential cross sections and single-polarization observables with a large solid angle coverage and a wide photon energy range [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] . Recently they also have finished some measurements of the doublepolarization observables [10, [16] [17] [18] . Furthermore, in recent years significant progress has been achieved in experiments measuring the γn → π 0 n reaction as well. In 2009, some measurements of the beam asymmetries for the γn → π 0 n process were obtained by the GRAAL experiment in the second and third resonances region [19] . Very recently, the quasi-free differential and total cross sections in the second and third resonances region for this reaction were also measured by the Crystal Ball/TAPS experiment at MAMI [3] . Thus, improvement of the experimental situations gives us a good opportunity to study the excitation spectroscopies of the nucleon and ∆(1232).
Stimulated by these new measurements, many partialwave analysis groups, such as BnGa [20] [21] [22] , SAID [23] [24] [25] , MAID [26] , Kent [27] , Jülich [28, 29] and ANL-Osaka [30] , * E-mail: zhongxh@hunnu.edu.cn have updated their analysis in recent years. For the γp → π 0 p reaction, good descriptions of the data up to the second and third resonances region have been obtained by different groups. However, the explanations of the reaction data and the extracted resonance properties from the reaction still exhibit strong model dependencies. For example, the γp couplings for some well-established resonances, such as N(1535)S 11 , N(1650)S 11 and N(1520)D 13 , extracted by various groups differ rather notably from each other. For the γn → π 0 n reaction, consistent predictions from different approaches can only be obtained in the first resonance region [3] . Because of the lack of data, the predictions from different models in the second and third resonances region are very different. Fortunately, in this energy region some new measurements of the cross section for the γn → π 0 n reaction at MAMI [3] were reported about one year ago.
These new data for the γn → π 0 n reaction not only provide us a good opportunity to extract more knowledge of the neutron resonances, but also shed light on the puzzle of the narrow structure around W = 1.68 GeV observed in the excitation function of η production off quasi-free neutrons by several experimental groups [31] [32] [33] . This narrow structure has been listed by the Particle Data Group (PDG) as a new nucleon resonance N(1685) [34] . However, many controversial explanations about this narrow structure, such as the N(1650)S 11 and N(1710)P 11 coupled-channel effects, interference effects between N(1650)S 11 , N(1710)P 11 and N(1720)P 13 , and effects from strangeness threshold openings, can be found in the literature [35] [36] [37] . In our quark model study, we find that the narrow structure around W = 1.68 GeV can be explained by the constructive interferences between N(1535)S 11 and N(1650)S 11 [38] . Our conclusion is consistent with the analysis from the BnGa group [39, 40] . It should be mentioned that, the γn coupling for N(1650)S 11 extracted by us and BnGa group has a positive sign, which is opposite to that of PDG [34] . Now, two questions arise naturally: (i) Can some clues about the controversially discussed N(1685) be found in the γn → π 0 n reaction? (ii) Are the properties of N(1535)S 11 and N(1650)S 11 extracted from the ηN channel consistent with those extracted from the π 0 N channel? To better understand these questions, a systematic analysis of the recent data for the neutral pion production off nucleons is urgently needed.
In this work, we carry out a combined study of the γp → π 0 p and γn → π 0 n reactions in a chiral quark model. By systematically analyzing the new data for neutral pion photoproduction on the nucleons, we attempt to uncover some puzzles existing in the photoproduction reactions and obtain a better understanding of the excitation spectra of the nucleon and ∆(1232). It should be mentioned that there are interesting differences between γp → π 0 p and γn → π 0 n. In the γp reactions, contributions from the nucleon resonances of representation [70, 4 8] will be suppressed by the Moorhouse selection rule [41, 42] . In contrast, all the octet states can contribute to the γn reactions. In other words, more states will be present in the γn reactions. Therefore, by studying neutral pion photoproduction on nucleons, we expect that the role played by intermediate baryon resonances can be highlighted.
In the chiral quark model, an effective chiral Lagrangian is introduced to account for the quark-pseudoscalar-meson coupling. Since the quark-meson coupling is invariant under the chiral transformation, some of the low-energy properties of QCD are retained. The chiral quark model has been well developed and widely applied to meson photoproduction reactions [38, [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] . Recently, this model has been successfully extended to πN and KN reactions as well [55] [56] [57] [58] .
The paper is organized as follows. In Sec. II, a brief review of the chiral quark model approach is given. The numerical results are presented and discussed in Sec. III. Finally, a summary is given in Sec. IV.
II. THE MODEL
In this section, we give a brief review of the chiral quark model. In this model, the s-and u-channel transition amplitudes are determined by [44, 45] 
where H m and H e stand for the quark-pseudoscalar-meson and electromagnetic couplings at the tree level, respectively. They are described by [44] [45] [46] 
where ψ j represents the j-th quark field in a hadron, φ m is the field of the pseudoscalar-meson octet, and f m is the meson's decay constant. The ω γ is the energy of the incoming photons. 
where A and V denote the photon and vector-meson fields, respectively; π stands for the π-meson field; g Vπγ and g Vqq are the coupling constants. The t-channel transition amplitude has been given in the harmonic oscillator basis in Refs. [46] . It should be remarked that the amplitudes in terms of the harmonic oscillator principle quantum number n are the sum of a set of SU(6) multiplets with the same n. To obtain the contributions of individual resonances, we need to separate out the single-resonance-excitation amplitudes within each principle number n in the s-channel. Taking into account the width effects of the resonances, the resonance transition amplitudes of the s-channel can be generally expressed as [45] 
where √ s = E i + ω γ is the total energy of the system, α is the harmonic oscillator strength, M R is the mass of the s-channel resonance with a width Γ R , and O R is the separated operators for individual resonances in the s-channel. In the ChewGoldberger-Low-Nambu (CGLN) parameterization, the transition amplitude can be written in a standard form [62] :
where σ is the spin operator of the nucleon, ǫ is the polarization vector of the photon, and k and q are incoming photon and outgoing meson momenta, respectively. In the SU(6)⊗O(3) symmetry limit, we have extracted the CGLN amplitudes for the s-channel resonances in the n ≤ 2 shell for the γp → π 0 p and γn → π 0 n processes, which have been listed in Tables I and II, respectively. Comparing the CGLN amplitudes of different resonances with each other, one can easily find which states are the main contributors to the reactions in the SU(6)⊗O(3) symmetry limit. The CGLN amplitudes of s-channel resonances in the n ≤ 2 shell for the γp → π 0 p process in the SU(6)⊗O(3) symmetry limit. We
The ω γ , ω m and E f stand for the energies of the incoming photon, outgoing meson and final nucleon, respectively. The m q is the constituent u or d quark mass. 1/µ q is a factor defined by 1/µ q = 2/m q . P l (z) is the Legendre function with z = cos θ. 
The CGLN amplitudes of s-channel resonances in the n ≤ 2 shell for the γn → π 0 n process in the SU(6)⊗O(3) symmetry limit. 
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However, the quark model predicts rather large values g A = 5/3 for charged pions and g A = 5 √ 2/6 for neutral pions. In our paper, the coupling α π is determined by fitting the data.
III. CALCULATION AND ANALYSIS

A. Parameters
In our framework, the s-channel resonance transition amplitude, O R , is derived in the SU(6)⊗O(3) symmetry limit. In reality, the SU(6)⊗O(3) symmetry is generally broken due to, e.g., spin-dependent forces in the quark-quark interaction. As a consequence, configuration mixings would occur. The configuration mixings break the SU(6)⊗O(3) symmetry, which can change our theoretical predictions. Furthermore, the helicity couplings and strong decay couplings of some resonances might be over/under-estimated with the simple quark model. To accommodate the uncertainties in the symmetric quark model framework, we introduce a set of coupling strength parameters, C R , for each resonance amplitude by an empirical method [50] [51] [52] [53] :
where C R can be determined by fitting the experimental observables. In the SU(6)⊗O(3) symmetry limit one finds C R = 1, while deviations of C R from unity imply the SU(6)⊗O(3) symmetry breaking. In our previous study of the η photoproduction on the nucleons, we found the configuration mixings seem to be inevitable for the low-lying S -wave nucleon resonances N(1535)S 11 and N(1650)S 11 , and D-wave nucleon resonances N(1520)D 13 and N(1700)D 13 . By including configuration mixing effects in the S -and D-wave states, we explicitly express their tran-sition amplitudes as follows:
The coefficients C [70, 2 8 ] R and C [70, 4 8 ] R can be related to the mixing angles. We adopt the same mixing scheme as in our previous work [38] ,
and
Then, the coefficients defined in Eq. (19) are given by
The parameters R 2 and R 4 are introduced to adjust the overall strength of the partial wave amplitudes of [70, 2 8 ] and [70, 4 8 ], respectively, which may be overestimated or underestimated in the naive quark model [38] . If R = 1, one finds that the C R parameters of S -and D-wave states can be explained with configuration mixings only. In the calculation, the mixing angle between N(1535)S 11 and N(1650)S 11 is adopted to be θ S = 26
• , determined in our previous work [38] . Notice that in our work, we have adopted Isgur's later conventions [65] where wave functions are in line with the SU(3) conventions of de Swart [66] . In this frame, we obtain a positive mixing angle θ S . However, in line with the old conventions of the SU(3) wave functions from Isgur and Karl's early works [59, 60] , one obtains a negative mixing angle θ S [50-53, 59, 68] . This question has been clarified in Refs. [38, 67] . Furthermore, the mixing angle between N(1520)D 13 and N(1700)D 13 is adopted to be θ D ≃ 10
• as widely suggested in the literature [51-53, 59, 68, 69] .
For the γp → π 0 p reaction, we obtain R Tab. IV. From the table, we find that to reproduce the data we need to introduce two large coupling strength parameters C P 33 (1232) ≃ 1.83 and C S 31 (1620) ≃ 1.8 for ∆(1232)P 33 and ∆(1620)S 31 , respectively. The reason may be the well-known underestimation of their photocouplings in the constituent quark model [70, 71] . We also need to enhance the contributions of N(1520)D 13 by a factor of C D 13 (1520) ≃ 1.4, which can not be explained with configuration mixings only. The underestimation of the resonance amplitude of N(1520)D 13 is also found in the γN → ηN processes within the quark model framework [38] , which is due to the underestimation of the photocoupling of N(1520)D 13 in the constituent quark model. In the π 0 photoproduction processes, the data favor a smaller contribution of N(1535)S 11 than that in the SU(6)⊗O (3) To take into account relativistic effects, the commonly applied Lorentz boost factor is introduced in the resonance amplitude for the spatial integrals [44] , which is
where
The πNN coupling α π and the coupling g ωπγ · g ωqq from ω-meson exchange in the t channel are considered as free parameters in the present calculations. By fitting the experimental data of γp → π 0 p reaction (see Tab. III), we get g πNN ≃ 13.2 (i.e., α π ≡ g 2 πNN /4π ≃ 13.8) and g ωπγ · g ωqq ≃ 1.37. The πNN coupling determined in this work is compatible with the value g πNN ≃ 13.5 adopted in other literature [28, 29] . According to the decay of ω → πγ, one obtains g ωπγ ≃ 0.32 [46] . Then the ωqq coupling extracted by us is g ωqq ≃ 4.28, which is consistent with the value g ωqq ≃ 3 suggested in Ref. [73] . The strength parameters C R determined by the experimental data. (1675) 1.00 1.00 C P 13 (1720) 1.00 3.20
There are another two parameters, the constituent quark mass m q and the harmonic oscillator strength α, from the transition amplitudes. In the calculation we adopt their standard values in the the quark model, m q = 330 MeV and α 2 = 0.16 GeV 2 .
In the calculations, the n = 3 shell resonances are treated as degeneration; their degenerate mass and width are taken as M = 2080 MeV and Γ = 200 MeV, since in the low energy region the contributions from the n = 3 shell are not significant. In the u channel, the intermediate states are the nucleon and ∆(1232) and their resonances. It is found that contributions from the n ≥ 1 shell are negligibly small and insensitive to the degenerate masses for these shells. In this work, we take M 1 = 1650 MeV (M 2 = 1750 MeV) for the degenerate mass of n = 1 (n = 2) shell resonances. In the s channel, the masses and widths of the resonances are taken from the PDG [34] , or the constituent quark model predictions [61] if no experimental data are available. For the main resonances, we allow their masses and widths to change around the values from PDG [34] in order to better describe the data. The determined values are listed in Tab. V. As a comparison, the resonance masses and widths of both pole and Breit-Wigner parametrizations from the PDG [34] are listed in Tab. V as well. It is found that the resonance masses and widths extracted by us are in good agreement with the values of pole parametrization. The reason is that when we fit the data, a momentum independent width Γ R is used, which is similar to the pole parametrization. It should be pointed out that N(1720)P 13 seems to be a narrow state with a width of 120 MeV in our model, which is about one half of the average value from the PDG [34] . However, our result is in good agreement with that extracted from the π − p → K 0 Λ reaction by D. H. Saxon et al. [74] . The strong decay properties of N(1720)P 13 will be discussed in detail in our another work.
To know some uncertainties of a main parameter (C R , M R , Γ R ) we vary it around its central value until the predictions are inconsistent with the data within their uncertainties. The obtained uncertainties for the main parameters have been given in Tabs. IV and V. [34] . The chiral quark model studies of γp → π 0 p were carried out in Refs. [43, 45, 46] about twenty years ago. During the past two decades, great progress has been achieved for pion photoproduction at JLab, CB-ELSA, MAMI, and GRAAL. The new data sets are more accuracy and have larger solid angle coverage and wider photon energy range. The improvement of the experimental situations gives us a good opportunity to test our model and study the excitation spectra of nucleon and ∆(1232) at the same time. All the intermediate states in the s channel classified in the quark model with n ≤ 2 are listed in Tab. I. It should be pointed out that in this reaction the contributions from the nucleon excitations with the representation [70, 4 8 ] are forbidden by the Moorhouse selection rule [41, 42] . In the n = 0 shell, both nucleon pole and ∆(1232)P 33 contribute to the reaction. Comparing their CGLN amplitudes listed in Tab. I, we can obviously see that ∆(1232)P 33 plays a dominant role for its larger amplitudes. In the n = 1 shell, two S -wave states N(1535)S 11 and ∆(1620)S 31 and two D-wave states N(1520)D 13 and ∆(1700)D 33 contribute to the reaction. Considering configuration mixing effects, we find that N(1650)S 11 and N(1700)D 13 can also contribute to the reaction. Similarly, from Tab. I we can find that N(1535)S 11 and N(1520)D 13 play a dominant role in the n = 1 shell S -wave and D-wave resonances, respectively. In the n = 2 shell eight P-wave resonances and five Fwave resonances contribute to the reaction. Comparing their CGLN amplitudes we find that N(1720)P 13 and N(1680)F 15 play a dominant role in the n = 2 shell P-wave resonances and F-wave resonances, respectively.
In present work, we have calculated the differential cross sections, total cross section, beam asymmetry, target asymmetry, and polarization of recoil protons from pion production threshold up to the second resonance region for the γp → π 0 p reaction. The model parameters are determined by fitting the 450 data points of differential cross section from MAMI [4, 5] and CB-ELSA [9] in the beam energy region 240 MeV≤ E γ ≤ 862 MeV, and the 53 data points of total cross section from MAMI [72] and CB-ELSA [9] in the beam energy region 240 ≤ E γ ≤ 1138 MeV (see Tab. [4] (solid circles), [5] (solid squares), [75] (solid triangles), and [9] (open triangles). The first and second numbers in each figure correspond to the photon energy E γ (MeV) and the πN center-of-mass (c.m.) energy W (MeV), respectively.
The differential and total cross sections are shown in Figs. 1  and 2 , respectively. It is seen that the chiral quark model can obtain a reasonable description of the data in a wide energy region E γ = 200 ∼ 900 MeV. To clearly see the contributions from different resonances, we also plot the energy dependent differential cross sections in Fig. 3 . One can clearly see three bump structures in both the energy dependent differential cross sections and the total cross section. According to our calculations, we find that ∆(1232)P 33 is responsible for first bump at E γ ≃ 300 MeV. It governs the reaction in the first resonance region. Both N(1535)S 11 and N(1520)D 13 together dominate the resonance contributions in the second resonance region. They give approximately equal contributions to the second bump at E γ ≃ 700 MeV. The N(1720)P 13 resonance might be responsible for the third bump at E γ ≃ 1000 MeV. It should be mentioned that although ∆(1620)S 31 and N(1650)S 11 do not give obvious structures in the cross sections, they are crucial to give a correct shape of the differential cross sections from the second resonance region to the third resonance region (see Fig. 4 ). Switching off their contributions one can see that the total cross sections around E γ = 700 ∼ 1000 MeV are overestimated slightly (see Figs. 2) . The u-channel background plays a crucial role in the reaction, it has strong destructive interferences with ∆(1232)P 33 , N(1535)S 11 and N(1720)P 13 . By including the t-channel vector-meson exchange contribution, we find that the descriptions of the cross sections in the energy region E γ = 600 ∼ 900 MeV are improved notably, while without the t-channel contributions, the cross sections are underestimated obviously (see Figs. 2 and 4) . Finally, it should be mentioned that our quark model explanation of the first and second bump structures in the cross sections are consistent with that of the isobar model [7] [8] [9] . However, our quark model explana- S11 (1535) P13 (1720) D13 (1520) c.m. [5] (left triangles), [77] (open squares), [78] (solid stars), [79] (open triangles), [80] (open circles), [81] (solid squares), [82] (solid circles), [9] (down triangles), [11] (up triangles), [12] (diamonds). The partial cross sections for ∆(1232)P 33 , N(1535)S 11 , N(1520)D 13 and N(1720)P 13 tion of the third bump structure differs from that of the isobar model [7] [8] [9] . In Ref. [7] [8] [9] , the authors predicted that the third bump might be due to three major contributions: ∆(1700)D 33 , N(1680)F 15 and N(1650)S 11 , rather than N(1720)P 13 . Thus, to clarify the puzzle about the third bump structure in the cross section more studies of the reaction γp → π 0 p are needed.
The beam asymmetries Σ in the energy region E γ = 220 ∼ 900 MeV are shown in Fig. 5 . In this energy region, the polarized data are not as abundant as those of differential cross sections. In the low energy region E γ < 600 MeV, until now no data on Σ at the forward and backward angles had been obtained. From Fig. 5 , it is seen that the chiral quark model has achieved good descriptions of the measured beam asymmetries Σ in the energy region E γ = 220 ∼ 800 MeV. In the higher energy region E γ > 800 MeV, it is found that the chiral quark model poorly describes the data at forward angles. To clearly see contributions from different resonances, the energy dependent beam asymmetries at six angles θ c.m. = 20
• , 60
• are shown in Fig. 6 as well. From the figure, it is found that the beam asymmetry Σ is sensitive to ∆(1232)P 33 . Its strong effects not only exist in the first resonance region, but also extend to the second resonance region. If we switch off the contributions of ∆(1232)P 33 , the beam asymmetry Σ changes drastically. Furthermore, we find that both N(1520)D 13 and N(1535)S 11 have strong effects on the beam asymmetry Σ around the second resonance region (i.e., E γ ≃ 700 MeV), and without their contributions, the beam asymmetry Σ in this energy region changes notably. In the higher energy region E γ > 800 MeV, it is found that the resonances ∆(1232)P 33 , N(1520)D 13 , N(1535)S 11 , N(1650)S 11 , ∆(1620)S 31 and N(1720)P 13 together with the u-channel background have equally important contributions to the beam asymmetry Σ. It should be mentioned that when the beam energy E γ > 800 MeV, many P-and F-wave states in the n = 2 shell begin to have obvious effects on the beam asymmetry Σ as well. Thus, so many equal contributors in this higher energy region make difficult descriptions of the beam asymmetry Σ.
The polarizations of recoil protons P are shown in Fig. 7 . In the low energy region E γ < 650 MeV, only a few old data with limited angle coverage were obtained. Recently, some precise new data in the higher energy region E γ ≃ 700 ∼ 900 MeV were reported by the CBELSA/TAPS Collaboration [10] . From Fig. 7 , it is found that our quark model descriptions are in reasonable agreement with the measurements in a fairly wide energy region E γ = 280 ∼ 800 MeV. Above the photon energy E γ ≃ 800 MeV, the quark model descriptions at both forward and backward angles become worse compared with the data. To clearly see contributions from different resonances, the energy dependent P at six angles θ c.m. = 40
• are shown in Fig. 8 as well. It is found that an obvious dip structure appears around E γ = 700 MeV, which can be well described in the chiral quark model. The dip structure is due to the strong effects of ∆(1232)P 33 . When we switch off its contribution, we find that the dip structure disappears. Furthermore, from Fig. 8 it is obviously seen that the polarization of recoil protons P is sensitive to N(1520)D 13 and N(1535)S 11 around the second resonance region (i.e., E γ ≃ 700 MeV). In the higher energy region E γ > 800 MeV, ∆(1232)P 33 , N(1520)D 13 , N(1535)S 11 , N(1650)S 11 , the u-channel background and other higher partial waves have approximately equal contributions to P, which leads to a complicated description of the higher energy data.
The target asymmetries T are shown in Fig. 9 . Below the photon energy E γ ≃ 700 MeV, only a few old data with a very small angle coverage were obtained. Recently, some precise data with larger angle coverage in the higher The data are taken from [5] (solid left triangles), [83] (open squares), [84] (open up triangles), [85] (solid circles), [11] (solid squares), [13] (diamonds), [86] (solid down triangles), [14] (stars). The first and second number in each figure correspond to the photon energy E γ (MeV) and the πN center-of-mass energy W (MeV), respectively.
energy region E γ ≃ 700 ∼ 900 MeV were published by CBELSA/TAPS Collaboration [10] . By comparing with the new data we find that our chiral quark model calculation obviously underestimates the target asymmetry T in the higher energy region E γ > 700 MeV, but the predicted tendency is in rough agreement with the data. In the low energy region E γ ≃ 280 ∼ 450 MeV, the data can be well described in the chiral quark model, though the data at forward and backward angles are still absent. In the energy region E γ ≃ 450 ∼ 660 MeV, our quark model results are obviously smaller than the data at the forward angle. To test our model, we expect that more precise measurements with large angle coverage can be carried out in the energy region E γ < 700 MeV in the future. To clearly see contributions from different resonances, the energy dependent target asymmetries T at six angles θ c.m. = 27
• , 50
• are shown in Fig. 10 as well. The data show that there is a dip structure at the angle θ c.m. ≃ 80
• ∼ 100
• around the second resonance region E γ = 700 MeV. This structure can be explained by the strong interferences between ∆(1232)P 33 and N(1535)S 11 . Switching off the contributions of either ∆(1232)P 33 or N(1535)S 11 , no obvious dip structure around E γ = 700 MeV can be found in the target asymmetry T . According to the chiral quark model predictions, the dip structure should be found at the forward and backward angles as well. In the higher energy region E γ > 700 MeV, it is found that many contributors, such as ∆(1232)P 33 , N(1535)S 11 , N(1650)S 11 , N(1520)D 13 , ∆(1620)S 31 , N(1720)P 13 and the u-channel background have obvious effects on the target asymmetry T .
In brief, obvious roles of the ∆(1232)P 33 , N(1535)S 11 , N(1650)S 11 , ∆(1620)S 31 , N(1520)D 13 and N(1720)P 13 have been found in the γp → π 0 p process. (i) ∆(1232)P 33 not only plays a dominant role around the first resonance region, its strong contributions also extend up to the third resonance region, which can be obviously seen in the cross section, beam asymmetry, target asymmetry and polarization of recoil protons. (ii) Both N(1520)D 13 and N(1535)S 11 play a dominant role around the second resonance region. They are the main contributors of the second bump structure in the energy dependent differential cross section and total cross section. Their strong effects on the polarization observables can be seen obviously as well. [84] (right triangles), [83] (open up triangles), [85] (open diamonds), [11] (solid diamonds), [13] (down triangles), [86] (open circles), [14] (solid squares), [87] (solid circles), and [88] (open squares). The results by switching off the contributions from various partial waves are indicated explicitly by different legends in the figure. in the third resonance region. It might be responsible for the third bump structure in the energy dependent differential cross section and total cross section. However, no dominant role of N(1720)P 13 is found in the polarization observables. It should be pointed out that the evidence of N(1720)P 13 around the third resonance region should be further confirmed due to our poor descriptions of the polarization observables in the higher energy region. (iv) ∆(1620)S 31 and N(1650)S 11 are crucial to give the correct shape of the differential cross sections in the second resonance region, although they do not contribute obvious structures in the cross sections. (v) Furthermore, the u-and t-channel backgrounds play crucial roles in the reaction as well. The u channel has a strong interference with the resonances, such as ∆(1232)P 33 , N(1520)D 13 and N(1535)S 11 . Including the t-channel vector-meson exchange contribution, we find that the descriptions in the energy region E γ = 600 ∼ 900 MeV are improved obviously. The chiral quark model studies of γn → π 0 n were carried out in Refs. [43, 45, 46] about twenty years ago. However, the model studies were limited in the first resonance region, because only a few scattered data were obtained from the old measurements in the early 1970s. Fortunately, obvious progress has been achieved in experiments in recent years. In 2009, some measurements of the beam asymmetries for the γn → π 0 n process were obtained by the GRAAL experiment in the second and third resonances region [19] . In this energy region, recently the quasi-free differential and total cross sections for this reaction were also measured by the Crystal Ball/TAPS experiment at MAMI [3] . Thus, these new measurements in the higher resonances region provide us a good opportunity to extend the chiral quark model to study these high-lying resonances.
The contributors of the s-channel intermediate states classified in the quark model with n ≤ 2 have been listed in Tab. II. In the n = 0 shell, the dominant contribution to In this work, we have carried out a chiral quark model study of the γn → π 0 n reaction up to the second and third resonances region. In the SU(6)⊗O(3) symmetry limit, the parameters from the u-and t-channel backgrounds and the ∆ resonances ∆(1232)P 33 and ∆(1620)S 31 for the π 0 n channel should be the same as those for the π 0 p channel, which have been well determined by the γp data. Thus, in the γn → π 0 n reaction these parameters are taken to have the same values as in the γp → π 0 p process. The other strength parameters, C R , for the main resonances N(1535)S 11 , N(1650)S 11 , N(1520)D 13 and N(1720)P 13 for the γn reaction can not be well constrained by the γp data for their different photocouplings, thus, we determine them by fitting the 36 γn data points of total cross section around the second resonance energy region 1.30 GeV≤ W ≤ 1.72 GeV recently measured at MAMI [3] . The χ 2 datum point is about χ 2 /N data = 2.8. Our results compared with the data have been shown in The differential cross sections compared with the data are shown in Fig. 11 . In the energy region what we consider, only a few data can be obtained. Fortunately, the abundant data for the γp → π 0 p process help us well constrain some important model parameters, as we pointed out above. From  Fig. 11 , one can see that the data of the γn → π 0 n reaction are reasonably reproduced. To clearly see the contributions from different partial waves, we plot the energy dependent differential cross sections in Fig. 12 [91] (solid circles), [92] (diamonds), [93] (solid down triangles), [94] (solid stars), [95] (open stars), [96] (solid squares), [85] (solid up triangles), [97] (solid left triangles), [98] (open down triangles), and [99] (solid right triangles). The results by switching off the contributions from various partial waves are indicated explicitly by different legends in the figure. 11 , N(1520)D 13 and N(1720)P 13 play crucial roles in the γn → π 0 n reaction. The ∆(1232)P 33 resonance is responsible for the first bump structure around E γ ≃ 300 MeV. Both N(1535)S 11 and N(1520)D 13 are the main contributors to the second bump around E γ ≃ 700 MeV. The N(1720)P 13 resonance is most likely responsible for the third bump around E γ ≃ 1000 MeV.
N(1535)S
The total cross sections compared with the data are shown in Fig. 13 . Obvious roles of ∆(1232)P 33 , N(1535)S 11 and N(1720)P 13 in the γn → π 0 n reaction can be found in the total cross section as well. Recently, the total cross section was measured by the Crystal Ball/TAPS experiment at MAMI [3] . There are two obvious bump structures in the cross section in the second and third resonances region (see Fig. 13 ). The bump structure around the second resonance region receives approximately equal contributions from N(1535)S 11 and N(1520)D 13 , while the bump structure around the third resonance region might be due to the contributions of N(1720)P 13 . There are no measurements of the total cross section in the first resonance region. In this energy region, we predict that the ratio of total cross section between the π 0 n channel and the π 0 p channel σ n /σ p is around 1 (see Fig. 14) .
Furthermore, by analyzing the data of differential and total cross sections, we find that ∆(1620)S 31 and N(1650)S 11 play obvious roles around their mass threshold. If we switch off them, the cross sections around their mass threshold are overestimated significantly. It should be mentioned that, the role of N(1650)S 11 should be confirmed by more accurate data in the future, which will be further discussed in Sec. III D. Finally, it should be pointed out that the backgrounds play a crucial role in the reaction. The u-channel background has strong destructive interferences with ∆(1232)P 33 , N(1535)S 11 , N(1520)D 13 and N(1720)P 13 . Including the t-channel vector-meson exchange contribution, we find that the descriptions of the cross sections in the energy region E γ = 600 ∼ 900 MeV are improved significantly.
The polarization observations for the γn → π 0 n reaction are very sparse. In the year of 2009, the beam asymmetry Σ in the second and third resonances region was measured by the GRAAL Collaboration for the first time [19] . Our chiral quark model results are shown in Fig. 15 . • , 52
• are shown in Fig. 16 as well. From the figure, one can find that below the photon energy E γ ≃ 500 MeV, the beam asymmetry is sensitive to ∆(1232)P 33 and the u-channel background. By turning off one of them, the beam asymmetry changes drastically in this energy region. Similarly, we can obviously find that around the second resonance region, i.e., E γ ∼ 700 MeV, the N(1535)S 11 , N(1650)S 11 , N(1520)D 13 , ∆(1232)P 33 , ∆(1620)S 31 and the u-channel background have strong effects on the beam asymmetry. Up to the second resonance region, the higher partial wave states, such as N(1720)P 13 begin to contribute to beam asymmetry. Many resonances together with the backgrounds have approximately equal contributions to the beam asymmetry, leading to a very complicated description of the data.
As a whole, a reasonable chiral quark model description of the γn → π 0 n reaction is obtained from the pion production threshold up to the second resonance region. Obvious evidences of the ∆(1232)P 33 , N(1535)S 11 , N(1520)D 13 and N(1720)P 13 are also found in the γn → π 0 n reaction. (i) The ground state ∆(1232)P 33 , the S -wave state N(1535)S 11 together with the D-wave state N(1520)D 13 , and the Pwave state N(1720)P 13 are responsible for the first, second, and third bump structures in the cross sections, respectively.
(ii) Furthermore, another two S -wave states ∆(1620)S 31 and N(1650)S 11 have obvious effects on the differential cross section around their mass threshold, although they do not give any structure in the cross sections. It should be pointed out that the role of N(1650)S 11 should be further confirmed in future experiments. (iii) The backgrounds play a crucial role in the reaction. The u channel background has a strong construc- 
D. Helicity amplitudes
The accurate data for the γn → π 0 n and γp → π 0 p processes provide us a good platform to extract the helicity amplitudes of the dominant resonances in these reactions. Theoretically, the helicity amplitudes A λ for a baryon resonance N * photoexcitation on a nucleon are defined by
where λ = 1/2 and 3/2. As we know, the helicity amplitudes of a resonance are related to the transition amplitudes of the photoproduction reactions. Thus, we can extract the helicity amplitudes from the neutral pion photoproduction processes by the relation
where b π 0 N ≡ Γ π 0 N /Γ R is the branching ratio of the resonance. The quantity ξ for different resonances can be analytically expressed from their CGLN amplitudes. We have given the expressions of the ξ for several low-lying nucleon and ∆ resonances in Tab. VI. We estimate the helicity amplitudes for these main contributing resonances: ∆(1232)P 33 , ∆(1620)S 31 , N(1535)S 11 , N(1650)S 11 , N(1520)D 13 and N(1720)P 13 . The branching ratios b πN for N(1720)P 13 are adopted from our quark model prediction, and the branching ratios for other resonances are taken from PDG14 [34] (see table VII). Our extracted helicity amplitudes are listed in Tab. VIII. As a comparison, in the same table we also show our previous solution extracted from the η photoproduction processes [38] , the recent analysis of the γN data from SAID [23] [24] [25] , Kent [27] and BnGa [20, 22] , the average values from PDG14 [34] , and the theoretical predictions from different quark models [107, 108] . From Tab. VIII, it is found that the helicity amplitudes of ∆(1232)P 33 extracted in present work are in good agreement with the values from PDG14 [34] and other partial wave analysis groups [20, 22-25, 27, 109] . [38] , and similar solution was also obtained in [52, 110] . The reason for the different γp couplings for N(1535)S 11 in the π 0 p and ηp channels should be clarified in future studies.
All the partial wave analysis groups have extracted similar γp coupling A p 1/2 for N(1650)S 11 from the data, which is also consistent with the theoretical predictions in quark models [107, 108] . However, contradictory solutions for the γn coupling [38] , which is supported by the latest analysis of the same reaction from the BnGa [22, 39] and Kent [27] groups. However, in present work by analyzing the recent the final-state-interaction (FSI) corrected data of the γn → π 0 n reaction from the A2 Collaboration [3] , a negative helicity coupling A n 1/2 ≃ −18 × 10 −3 GeV −1/2 is obtained, which is compatible with the values from the PDG14 [34] and the recent SAID analysis [23] [24] [25] . Contradictory results for the γn coupling A n 1/2 of N(1650)S 11 obtained from two different reactions with the same model indicate that the N(1650)S 11 state found in the γn → π 0 n is possibly not the same state found in the γn → ηn if the data are accurate enough. It should be noted that the FSI is rather rough correction that assumes identical effects on the proton and the neutron, which certainly does not have to be the case [3] . Thus, considering that the data from the A2 Collaboration might bear large uncertainties in the second resonance region, with a small positive helicity amplitude, A n 1/2 ≃ 20 × 10 −3 GeV −1/2 for N(1650)S 11 , we predict the differential and total cross sections around the second resonance region ( see Fig. 17 [3] (open circles), [103] (solid circles), [104] (solid squares), and [105] (solid triangles). The first and second number in each figure correspond to the photon energy E γ (MeV) and the πN center-of-mass energy W (MeV), respectively. helicity amplitude, it is found that i) the differential cross section and the total cross section around the second resonance region should be significantly larger than the present data; and ii) N(1650)S 11 has obviously constructive interference with N(1535)S 11 and N(1520)D 13 , which can be tested in future experiments. It was pointed out in Ref. [111] that the positive A n 1/2 would imply N(1650)S 11 should have a large ss component in its wave function. To clarify the sign problem of the γn coupling for N(1650)S 11 , more accurate data are needed.
We find a large helicity amplitude for ∆(1620)S 31 , which is about a factor 2 larger than the PDG average value [34] , and 30% larger than the recent results from the BnGa [20, 22] and SAID [25] groups. However, we find that our result is very close to the theoretical predictions in quark models [107, 108] .
In our previous work [38] , we gave our estimations of the helicity amplitudes for N(1520)D 13 by the analysis of the η photoproduction data. However, the large uncertainties of the branching ratio b ηN lead to a weak conclusion of these helicity amplitudes. In this work, the accurate branching ratio b πN should let us extract the helicity amplitudes for N(1520)D 13 more reliably. It is found that the A p 1/2 extracted by us is in good agreement with the results from SAID group [25] and the PDG average value [34] . However, the A p 3/2 extracted in present work are about 30% smaller than the PDG average value [34] and the results from other groups. It should be mentioned that recently the CBELSA/TAPS Collaboration also found a small helicity amplitude A p 3/2 ≃ 118 × 10
from an energy-independent multipole analysis based on new polarization data on photoproduction of neutral pions [10] . [20, 22] and Kent [27] groups. However, their solutions have opposite signs to our results. It is interesting to find that our results are consistent with the quark model predictions by Z. Li and F. Close [107] , and the partial wave analysis of the γn → ηn reaction from the Giessen group [110] . Knowledge about the γn couplings, A n 1/2 and A n 3/2 , for the N(1720)P 13 is very poor, and different groups have given very different predictions. In the SU(6)⊗O(3) symmetry limit, we predict the A n 3/2 should be zero, which is compatible with the analysis of the Kent group [27] . More studies are needed to clarify these puzzles about the N(1720)P 13 . 
IV. SUMMARY
In this work, we have studied neutral pion photoproduction on nucleons within a chiral quark model. We have achieved reasonable descriptions of the data from the pion production threshold up to the second resonance region.
The roles of the low-lying resonances in the reactions were carefully analyzed. We found that: (i) ∆(1232)P 33 , N(1535)S 11 , N(1520)D 13 , and N(1720)P 13 play crucial roles in both γp → π 0 p and γn → π 0 n reactions. The ∆(1232)P 33 resonance not only plays a dominant role around the first resonance region, but also contributes up to the third resonance region. Both N(1535)S 11 and N(1520)D 13 paly crucial roles around the second resonance region. The second bump structure around E γ = 700 MeV in the cross section receives approximately equal contributions from these two resonances. N(1720)P 13 might play a crucial role in the third resonance region. It might be responsible for the third bump structure in cross section, which should be further investigated due to our relatively poor descriptions of the polarization observ- Furthermore, the helicity couplings for the main resonances, ∆(1232)P 33 , N(1535)S 11 , N(1520)D 13 , N(1720)P 13 , N(1650)S 11 and ∆(1620)S 31 , were extracted from the reactions. We found that: (i) Our extracted helicity amplitudes of ∆(1232)P 33 and N(1535)S 11 are in good agreement with the PDG average values and the results of other groups.
(ii) The γp coupling for N(1650)S 11 extracted by us is in good agreement with the results from the SAID [23] [24] [25] and BnGa [20, 22] . However, properties of the γn coupling for N(1650)S 11 are still controversial. Our analysis of the recent data of the γn → π 0 n reaction indicates a small negative γn coupling for N(1650)S 11 . Its sign is opposite to that of other analyses of the γn → ηn data [22, 38, 39] . (iii) We obtain a large helicity coupling for ∆(1620)S 31 , but it is very close to the recent analysis from the BnGa group [20, 22] . [107, 108] and the analysis of the Giessen group [110] . We find a small positive helicity coupling A n 1/2 for N(1720)P 13 , and the A n 3/2 should be zero in the SU(6)⊗O(3) symmetry limit.
Finally, it should be pointed out that (i) the width of N(1720)P 13 extracted by us is notably narrower than the es- [19] . The first and second numbers in each figure correspond to the photon energy E γ (MeV) and the πN center-of-mass energy W (MeV), respectively. 
